Carbon nanotubes (CNTs) were synthesized by the floating catalytic chemical vapor deposition technique using ferrocene in benzene as the hydrocarbon source. The functionalization of CNTs was carried out by oxidation (CNT-OX) and grafting with a tributyl phosphate (TBP) ligand (CNT-TBP). Various spectroscopic techniques including scanning electron microscopy (SEM), Fourier Transform Infra Red Spectroscopy (FTIR), BET surface area and X-ray photoelectron spectroscopy (XPS) were used to characterize the adsorbents. FTIR and XPS studies revealed the efficient grafting of the TBP ligand on the CNT surface.
Introduction
Advanced treatment methods are required for the management of radioactive waste produced by nuclear power plants. 1, 2 Uranium is one of the major waste materials in spent nuclear fuels or mine tailings, and it can cause significant contamination. 3 An exposure level of 0.1 mg kg À1 of body weight of natural U could result in kidney damage. 4 The World Health Organization's guideline value for uranium is set at 50 mg L
À1
. 5 Several methods have been found to be useful for the removal of uranyl ions from process effluents and wastewater. For water treatment, compared to other techniques adsorption has been found to be a preferred technique owing to its flexibility, cost effectiveness, ease of operation and simple design. A weak affinity and low adsorption capacity are exhibited by natural adsorbents for U(VI) under ambient conditions. Therefore, there is a need for new, eco-friendly and economical adsorbents with high adsorption capacities and stronger chemical interaction towards U(VI). Among the various adsorbents reported in the literature, sorption materials made of carbon offer a variety of advantages including high thermal and radiation resistance and improved chemical stability under acidic conditions compared to other inorganic sorbents and ion exchange resins. 6 Various carbonaceous materials like activated carbon, 7, 8 activated carbon fibers, 9 carbon nanotubes 10, 11 and mesoporous carbon 12 have been reported for the removal of U(VI) ions from aqueous solution. Tributyl phosphate (TBP) is one of the widely used extractants for the removal of U(VI). 13 Thus, in this work three kinds of carbon nanotubes namely plain CNTs, oxidized CNTs and TBP grafted CNTs structurally characterized by various techniques will be prepared and evaluated for the removal and recovery of U(VI). Using spectroscopic tools the adsorption mechanism between U(VI) and CNT-TBP will also be discussed.
Materials and methods
All reagents and chemicals like nitric acid (HNO 3 ), sodium hydroxide (NaOH), tributyl phosphate (TBP), uranyl(VI) nitrate (UO 2 (NO 3 ) 2 Á6H 2 O), solvents (ethanol, acetone) and other reagents used in this study are of analytical grade. Using Milli-Q purified water (resistivity 418.2 MO cm) the reagents and standards were prepared.
Preparation of carbon nanotubes
Carbon nanotubes were prepared by the floating catalyst horizontal chemical vapour deposition technique using 2% ferrocene in benzene as the hydrocarbon source. 14 The flow rate of the ferrocene/benzene solution and nitrogen gas was controlled using a peristaltic pump and a mass flow controller (Bronkhorst high-tech. Netherlands), respectively. The temperature of the electric furnace was gradually increased to 800 1C under a nitrogen atmosphere. The flow rates of the ferrocene/benzene solution and nitrogen gas were set to 1 mL min À1 and 100 sccm respectively and the ferrocene/benzene solution was pumped into the reactor for 30 min at an 800 1C reactor temperature. The reactor was gradually cooled to room temperature. The deposited CNTs were removed and used for further experiments.
Preparation of CNT-OX
Around 1 g of plain CNTs was heated with 10 ml of nitric acid at 80 1C until the acid evaporated completely. Then, a thorough washing with distilled water was carried out until the pH of the filtrate became neutral. Finally, the obtained product was dried in an oven at 70 1C overnight and used for further experiments.
Preparation of CNT-TBP
One gram of CNT-OX was treated with 20 mL of tributyl phosphate and the solution was sonicated for 24 h. Then, the obtained mixture was washed using distilled water and dried at 70 1C overnight and used for further experiments. The preparation of CNT-OX and CNT-TBP is shown in Scheme 1.
Batch studies
Using batch mode, sorption experiments were carried out by equilibrating 20 mL of 100 mg L À1 of uranyl ions at pH 5 for 3 h using 0.05 g of the adsorbent. The concentration of uranyl ions in the aqueous phase was analyzed by inductive coupled plasma-mass spectrometry (ICP-MS) (Thermo Scientific, XSERIES 2). The amount of uranyl ions adsorbed (mg) per unit mass of the adsorbent (g), q e , was obtained by the equation given below:
where C i and C e are the initial and equilibrium concentrations of uranyl ions (mg L À1 ), V is the volume of the aqueous phase (L), and m is the dry mass of the adsorbent (g). Kinetic experiments were conducted by monitoring the amount of uranyl ions adsorbed at regular time intervals. The amount of U(VI) adsorption at temperatures 25 1C, 35 1C and 45 1C was measured for calculating the thermodynamic parameters. The recyclability of CNT-TBP was investigated using 0.1 M HCl as a desorber.
Instrumentation
Fourier Transform Infra-Red (FTIR) measurements were recorded on a Tensor 27 (Bruker, Germany) in the attenuated total reflectance (ATR) mode. SEM micrographs were acquired using an FEI Quanta 200 machine. TEM analysis was carried out on a Technai G2 T-20 (FEI, Eindhoven, Netherlands) transmission electron microscope operated at 200 kV. Using a PHI 5000 Versa Prob II (FEI Inc.) spectrometer with nonmonochromatic Al Ka radiation (1486.6 eV), XPS measurements were carried out. Individual spectral peaks were deconvoluted using XPSPEAK41 software. For fitting the spectral region a nonlinear Shirley background subtraction was applied. The surface characteristics of the sorbent namely pore size distribution (PSD), pore volume and specific surface area were measured using an Autosorb-1C instrument (Quantachrome, USA). Finally, the concentration of U(VI) in the aqueous solutions was determined by inductive coupled plasma mass spectroscopy (ICP-MS; Thermo, X-Series2).
Results and discussion
As described in the Materials and methods section, initially CNTs were synthesized by the floating catalytic chemical vapour deposition method and grafting was carried out by oxidation (CNT-OX) and further treatment with tributyl phosphate (CNT-TBP). Thus the prepared adsorbents viz., CNT-plain, CNT-OX and CNT-TBP were characterized by various techniques including SEM, TEM, BET surface analysis, FTIR, and XPS and evaluated for their applicability towards the removal of uranyl ions.
3.1 Characterization of adsorbents 3.1.1 Surface morphology using SEM and TEM. SEM images of plain CNTs, oxidized CNTs, and CNT-TBP are shown in Fig. 1(a) -(c) respectively. The diameter and length of the prepared CNTs were found to be in the range of 20-80 nm and 1-10 mm respectively ( Fig. 1(a) ). In CNT-OX ( Fig. 1(b) ) exfoliated rope like structures are observed. This could be attributed to the etching of graphitic layers of CNTs during oxidation. After oxidation and grafting of the TBP ligand (Fig. 1c) there was no appreciable difference in the surface characteristics which confirms that minimal damage occurred after grafting with the TBP ligand. The HR-TEM image revealed the presence of nanotubes and iron particles located inside the nanotubes ( Fig. 2(a) ). The corresponding diffraction rings and a bright spot in the electron diffraction pattern ( Fig. 2(b) ) suggest that the obtained CNTs possess crystalline Fe particles.
3.1.2 FTIR analysis of the prepared sorbents. FTIR spectra of CNT-plain, CNT-OX and CNT-TBP are shown in Fig. 3 . A broad peak at B3430 cm À1 is due to the O-H stretch frequency of the hydroxyl group (Fig. 3) . The spectra of CNT-OX show peaks at 1720 cm À1 and 1185 cm
À1
, which are associated with the asymmetric CQO and C-O stretching band of the carboxylic acid (-COOH) group. 15 The peak observed at 1574 cm À1 is related to the carboxylate anion stretch mode. The spectrum of CNT-TBP presents the C-H bond stretching at around 2960 cm À1 due to methyl groups on MWCNTs. The signal at 2852 cm À1 can be assigned to the symmetric stretching of -CH 2 -groups of the tributyl phosphate moiety. Furthermore, in CNT-TBP, the PQO stretching vibration, occurred at 1269 cm
. The P-O-C vibration occurred at 1027 cm À1 , 16 which proves the grafting of TBP on the CNT surface.
3.1.3 Surface area, pore volume and pore size distribution analysis using BET measurements. The surface characteristics of the plain CNTs, CNT-OX and CNT-TBP were obtained by the standard BET method in a relative pressure range from 0.05 to 0.35. The nitrogen adsorption-desorption isotherm of CNT-plain is shown in Fig. 4 . The material exhibited a type IV behaviour typical of a mesoporous material. The total pore volume, meso, micro and macro pore volumes, were calculated using Quantochrome's software. The surface characteristics of various sorbents prepared are listed in Table 1 . It is evident from the data that the prepared sorbents possessed a small pore size and a large surface area which lead to strong confinement of the adsorbed analyte on the surface of the CNTs. Upon oxidation with nitric acid, the specific surface area increased from 99. , which could be attributed to the opening of pores. Further CNT-TBP exhibited a marginal decrease in the surface area which is due to the anchoring of the TBP ligand. 
Mechanism of interaction between the sorbent and the sorbate using XPS and FTIR studies
To study the interaction of U(VI) with CNT-TBP, XPS spectra were recorded for CNT-TB and CNT-TBP-U. Fig. 5 illustrates the O 1s, C 1s, P 2p and U 4f spectra. Uranium loading is observed in CNT-TBP-U evidenced by the appearance of doublet peaks of U 4f 5/2 and U 4f 7/2 with a splitting value of 10.72 eV. Table 2 depicts the binding energies of O 1s, C 1s, P 2p and the splitting values of the U(VI) spectra. To get a further insight into the U(VI) sorption, the core level scans for C 1s, O 1s, P 2p, and U 4f on CNT-TBP and CNT-TBP-U were analyzed. The O 1s and C 1s spectra of CNT-TBP and CNT-TBP-U are shown in Fig. 6 . The peak fitting results of the C 1s, O 1s, P 2p, U 4f, before and after U(VI) loading on CNT-TBP are shown in Table 2 . From Fig. 6a , the three main components of the O 1s spectra occurred at 531.54, 533.56 and 532.87 eV, respectively, corresponding to CQO, O-CQO and C-O-C, C-O-OH, C-OH 17 and C-O-P. 18 Thus the data confirm the grafting of the TBP ligand onto the CNT surface. After U(VI) loading (Fig. 6b) , peaks occurred at 531.06, 532.21, 531.76, and 532.29 eV. The presence of the UQO bond is confirmed by the appearance of an additional peak after U(VI) sorption. 19, 20 Furthermore, after U(VI) adsorption O 1s binding energies were shifted to lower values. This further confirms that complexation occurs between the oxygen-containing tributyl phosphate groups and uranyl ions during adsorption. respectively. After uranyl adsorption the peaks shifted to lower binding energies owing to the complexation of the tributyl phosphate group and U(VI) ions. Fig. 7a and b denotes the P 2p spectra of CNT-TBP before and after loading U(VI) respectively. In CNT-TBP, the binding energy of the P 2p 3/2 component was found at 134.3 eV: the P 2p spectrum is a convolution of the P 2p 1/2 and P 2p 3/2 peaks that were resolved, keeping their branching ratio and their difference equal to 0.9 and 1.8 eV, respectively. After uranium sorption (Fig. 7b ) the shifting of peaks to higher binding energies was observed. Additionally a new peak was observed at 133.21 eV, which could be attributed to the P-O-U bond.
The U 4f 7/2 spectrum (Fig. 7c ) was deconvoluted into two components: the peak corresponding to the free uranyl ion that occurred at 381.05 eV and the peak of covalently bonded oxygen and U(VI) that occurred at 382.13 eV (Table 3) .
From the above discussion it is clear that the TBP ligand is grafted onto CNTs and complexation of uranyl ions occurred with the phosphoryl group of the tributyl phosphate ligand.
Infra red spectra of CNT-TBP before and after U(VI) sorption are shown in Fig. 8 . It is evident from the figure that, after U(VI) sorption, a shift in PQO vibration band to 1110 cm À1 was observed. This could be attributed to the coordination of UO 2
2+
cations with the P-O bond of the TBP molecule. The shift of the PQO frequency after U(VI) sorption was about 82 cm
À1
, and the magnitude of the frequency shift obtained was consistent with other uranyl complexes with organophosphorus ligands. 21, 22 The mode of nitrate complexation to the metal ion can be determined by the separation Dn of the symmetric n1 and asymmetric n2 NO 2 stretching frequencies. 23 and n2 at 1530 cm À1 ) was obtained which indicated a bidentate chelation of the nitrate ion to the uranyl ion. Further an additional vibration occurred at 950 cm À1 which could be assigned to the asymmetric stretching frequency of the UQO bond. 26 Based on the above discussions the following reaction scheme has been proposed (Scheme 2) for the sorption of the uranyl ion and CNT-TBP.
The effect of initial pH on sorption
The initial pH of the solution containing 100 mg L À1 of uranyl ions was varied from 2 to 8 and equilibrium experiments were carried out (Fig. 9) . The amount of uranyl ions adsorbed increased from pH 4 to 6 and a further increase in pH resulted in decreased sorption. The adsorption trends observed over the pH range studied could be assigned to the distribution of various uranyl species. It is well known that at pH values r3, UO 2 2+ is the predominant species 11 and in the pH range of 28 The lower adsorption rate of uranyl ions at pH values o4 could be attributed to the competition of protons for the active surface of CNTs. Thus adsorption of uranyl ions was found to be maximum at around pH 5 for CNT-TBP and at pH 6 for CNT-OX and CNT plain. At pH 4 7 negatively charged uranyl complexes were repelled by the negative surface charge of the sorbent thus resulting in a lower capacity. Due to functionalization of the TBP ligand onto CNTs the amount of uranyl ions adsorbed was found to be higher for CNT-TBP compared to plain and oxidized CNTs.
Kinetics of sorption
The adsorption of an aqueous solution containing U(VI) on CNT-plain, CNT-OX and CNT-TBP was carried out at pH 5.0 AE 0.1 to investigate the kinetics of sorption. Fig. 10a shows the adsorption process on various sorbents for U(VI) removal. A contact time of 3.0 h was sufficient for the adsorption of uranyl ions onto CNT-TBP to reach equilibrium. However, CNT-plain and CNT-OX reach equilibrium at 3.5 h. The kinetics of U(VI) Fig. 9 Effect of initial pH on sorption of U(VI) with CNT-plain, CNT-OX and CNT-TBP. 
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adsorption onto all the sorbents prepared were modelled using the Lagergren model 29 or using pseudo first order, second order 30 or pseudo second order models 31 as shown in the following equations:
where k L is the Lagergren rate constant of sorption (min
À1
); k 2 the second-order rate (g mg À1 min
) and k 2 0 the pseudosecond-order rate constant of sorption (g mg À1 min
); q e and q t are the amounts of uranyl ions sorbed (mg g À1 ) at equilibrium and at a given time t, respectively. The kinetic model plots are shown in Fig. 10b-d . From Table 4 , it is evident that among various models, a pseudo second order plot of t/q t vs. t (Fig. 10d) yielded a regression coefficient 40.978. Thus, it could be concluded that the adsorption of uranyl ions with the prepared sorbents followed a pseudo second order kinetic model. Furthermore, the Weber and Morris model 32 describes the intraparticle diffusion between the sorbent and the sorbate. This model correlates the amount of the solute adsorbed and the intraparticle diffusion rate constant (k int ) given by the following equation:
It is evident from Fig. 10e that the plot of q t vs. ffiffi t p yields an intercept and this confirms that in addition to intraparticle diffusion, chemisorptions could also be involved. The values obtained from this model are presented in Table 4 .
Equilibrium studies
Sorption data of uranyl ions with various CNTs were modelled using commonly used isotherms (Fig. 11 ). The Langmuir model describes the monolayer adsorption and equivalency of the surface adsorption sites. The linear Langmuir model 33 could be expressed as
where C e is the equilibrium concentration (mg L À1 ) and q e is the amount of U(VI) sorbed (mg g À1 ) at equilibrium. The empirical constants b and q m denote the energy of adsorption and the maximum adsorption capacity, respectively. The results obtained for the various model parameters are listed in Table 5 .
The Langmuir adsorption capacity of the prepared adsorbents towards uranyl ions was in the order of CNT-TBP 4 CNT-OX 4 CNT-plain. The adsorption capacity of CNT-TBP was found to be 2.5 times higher than the plain CNTs. The complexing ability of the TBP ligand towards U(VI) resulted in an increased sorption capacity. A comparison of the prepared adsorbents with other functionalized CNTs reported in the literature is given in Table 6 log q e ¼ 1 n F log C e þ log K F
K F and n F represent the sorption intensity and sorption capacity, respectively. Values of ''n F '' ranging between 1 and 10 indicate a good adsorbent. In the present study (Table 5 ) the 'n' values ranged between 1.445 and 1.835. This signifies the good adsorption capabilities of CNT, CNT-OX and CNT-TBP towards the uranyl ion.
Thermodynamic studies
The feasibility of adsorption was elucidated using thermodynamic parameters like DG1, DH1 and DS1 which were calculated using the adsorption data. Initially, the constant K c was calculated using the ratio of U(VI) adsorbed onto the sorbent C A (g L
À1
) to that in the aqueous phase at equilibrium C e (g l À1 ) given by the following equation:
Then, DG1 was determined using the following equation:
where R is the gas constant and T is the temperature in Kelvin. Further, DS1 and DH1 were determined using the following Van't Hoff equation:
A plot of log K c vs. 1/T was obtained for the uranyl ions and the CNT-TBP system (Fig. 12) . The thermodynamic parameters namely DH1 and DS1 were determined from the slope and intercept, respectively. Table 7 lists the values obtained for various thermodynamic parameters. The negative Gibbs free energy indicated the effectiveness and spontaneity of the sorption process. The endothermic nature of the adsorption process is revealed by the positive enthalpy (DH1) values. Positive entropy (DS1) values could be due to the dehydration of uranyl ions during adsorption.
Desorption and recyclability studies
After adsorption of uranyl ions using CNT-TBP as a sorbent, desorption studies of uranium were conducted. It was found that 0.1 M HCl efficiently stripped adsorbed uranium ions. The amount of uranyl ions adsorbed and desorbed for three consecutive cycles using CNT-TBP as a sorbent is shown in Fig. 13 . A decreased U(VI) uptake in the order of 11 and 20% were observed at the end of the 1st and 2nd cycles, respectively. Using ordered mesoporous carbon 12 and functionalized activated carbon fibers 9 as adsorbents similar results were observed.
Conclusions
The chemical vapour deposition technique was used to synthesize carbon nanotubes using ferrocene in benzene as the hydrocarbon source. Ferrocene acted both as a floating catalyst and as a hydrocarbon source. Efficient functionalization was carried out by oxidation with nitric acid and grafting with the tributyl phosphate ligand. FTIR and XPS studies confirmed the presence of a phosphoryl group on CNT-TBP. A pseudo second order model was found to fit the experimental data. A Langmuir adsorption capacity of 166.6 mg g À1 was obtained for CNT-TBP with a high regression coefficient. Efficient complexation of U(VI) and the TBP ligand resulted in a high sorption capacity Fig. 12 Thermodynamic studies of CNT-TBP and U(VI) systems. View Article Online compared to CNT and CNT-OX. The spontaneity of the reaction was revealed by thermodynamic studies and desorption and recyclability studies were carried out for 3 cycles. FTIR and XPS showed the involvement of the phosphoryl group of the TBP ligand towards the interaction of uranium.
